Three types of anaerobic granular sludge for treating chemical synthesis-based pharmaceutical wastewater were compared: (1) an up-flow anaerobic sludge blanket (UASB) filled with polyvinyl alcohol (PVA) gel beads (UASB-PVA); (2) a UASB filled with traditional anaerobic granular sludge; and (3) a UASB filled with traditional anaerobic granular sludge and granular active carbon (UASB-GAC).
found that GAC can enhance biogas production and methane content, shorten the start-up time, and enhance the ability of microbes to resist organic loading shock. Lee et al. () found that UASB supplemented with GAC (1%) showed a 1.8 times higher methane production rate than without GAC, and Geobacter, Methanospirllum, and Methanolinea were enriched on the surface of the GAC. This shows that adding GAC improves sludge granulation. () treated aquaculture wastewater with an EGSB reactor, and COD and total suspended solids (TSS) removal efficiencies were greater than 92%.
Researchers have done a great deal of research work with UASB-PVA, UASB, and UASB-GAC granular sludge, but the relative advantages and disadvantages of the three types of granular sludge are not clear for the treatment of pharmaceutical wastewater. Therefore, in order to provide a reference for related technology and engineering applications, we tested the three types of granular sludge needed to start-up and UASB reactors.
We compared the advantages and disadvantages of the three types of granular sludge with respect to microorganisms and performance.
MATERIALS AND METHODS

Materials
Inoculation granular sludge was taken from a starch factory in Shaanxi Province, China. The granular sludge had a density of 1.01 g/cm 3 , a volatile suspended solids to total suspended solids (VSS/TSS) ratio of 89.27%, and a mixed liquor suspended solids concentration of 12.7 g/L.
The PVA-gel beads were provided by Kuraray Co., Ltd, Japan. Each bead was spherical with a network of 10 to 20 micron pores that allow cultivation of bacteria in a sheltered environment and thus reduce sloughing of the biomass. The beads had a diameter of 2 to 3 mm and a den- Actual pharmaceutical wastewater was collected from an outlet of an iron carbon micro-electrolysis device in a chemical synthesis pharmaceutical factory (Shaanxi, China). The wastewater contained a variety of substances, including toluene, methanol, formic acid, acetone, and sodium chloride. In the factory, the wastewater was treated by oil separation, sedimentation, regulation tank, iron carbon micro-electrolysis, air flotation, secondary sedimentation, anaerobic-aerobic-flocculation precipitation, and oxidation disinfection. Table 1 shows the characteristics of the wastewater. 
Experimental device and method
Three identical UASB reactors with an effective volume of 2.5 L, a height of 67.3 cm, and an inner diameter of 8 cm were used in this study. The temperature in each UASB reactor was kept at 37 ± 2 C. The wastewater entered the reactor at the bottom of each UASB reactor and overflowed at the top. The harmful components in the pharmaceutical wastewater can inhibit microbial activity, so in order to reduce the inhibitory effect, in the early stage of the process, the influent flow to the UASB reactors was a mixed liquid (simulated wastewater containing glucose and actual pharmaceutical wastewater) that was pumped into the UASB reactor. The proportion of pharmaceutical wastewater in the mixed liquid was gradually increased from 10% to 20% to 40% to 60% to 80% to 100% pharmaceutical wastewater. The influent flow pH was adjusted to between 7 and 8, and the nutrition solution was added into the influent.
Analytical methods
Wastewater quality and reactor operation parameters COD was measured by the potassium dichromate method, 
RESULTS AND DISCUSSION
Performance comparison of the three UASB reactors
The three UASB reactors ran for 73 days, and there were three phases: the sludge domesticated phase, the OLR increase phase, and the stable operation phase. During the start-up period, a necessary condition for the load rate increase is that the COD removal efficiency was greater than 70% for 2 days, after which the load rate was increased. Figure 1 shows the performance of the three UASB reactors.
The running conditions for the UASB-PVA reactor Figure 1 shows that from the first day to the 7th day, the COD removal efficiency of the UASB-PVA reactor was in the range of 36% to 70%. On the 10th day, pharmaceutical wastewater accounted for 10% in the influent flow, the OLR was 1. 
The running conditions for the UASB reactor
The start-up methods for the three UASB reactors were similar. As shown in Figure 1 , the COD removal efficiency of the UASB reactor reached above 80% during the early start-up phase. On the 47th day, the influent flow was 100% pharmaceutical wastewater, the OLR was 7 kg COD/(m 3 ·d), and the domestication of the granular sludge was completed. On the 47th day, the COD removal efficiency declined to 45%, because the proportion of the pharmaceutical wastewater in the mixed liquid had increased from 80% to 100%. On the 48th day, the influent flow was reduced, and the OLR decreased to 6 kg COD/(m From the 34th day to the 48th day, the COD removal efficiency was above 70%. On the 47th day, the proportion of pharmaceutical wastewater in the mixed liquid was increased from 80% to 100%, and the COD removal efficiency decreased to 65% with an OLR of 7 kg COD/(m the COD removal efficiency was in the range of 69% to 83%.
From the 54th day to the 65th day, the ability to resist loading shock was evaluated. Comparison of the three UASB reactors Table 2 shows the comparison of the three UASB reactors.
In the early start-up phase, the COD removal efficiency of the UASB-PVA reactor is lower than for the UASB and UASB-GAC reactors. Sludge domestication of the UASB-PVA reactor needed 30 days, and the UASB and UASB-GAC reactors needed 48 days. During the stable operation phase, the OLR remained at 7 kg COD/(m 3 ·d).
The COD removal efficiency of the UASB-PVA, UASB, and UASB-GAC reactors remained in the range of 69% to 75%, 46% to 69%, and 61% to 73%, respectively, and the removal efficiency deviations of the UASB-PVA, UASB, and UASB-GAC reactors were 1.8%, 8.6%, and 4.0%, respectively. Therefore, the fluctuation of COD removal efficiencies of the three UASB reactors ranked from high to low in the following order: UASB > UASB-GAC > UASB-PVA.
To sum up, in several respects, such as removal efficiency, the speed of the sludge domestication, the stability of the operation, and the highest OLR, the performance of the UASB-PVA reactor was the best of the three, the UASB-GAC reactor was second, and the UASB was the worst.
The changes in effluent VFAs for the three UASB reactors
During the running process of the reactors, VFAs are an important control indicator. Figure 2 shows the changes of the effluent VFAs of the three UASB reactors.
In order to keep the pH in the range of 6.5 to 7.8, sodium hydrogen carbonate, NaHCO 3 , and hydrochloric acid, HCl, were used to adjust the pH of the influent was taken to ensure that the effluent VFA level was less than 500 mg/L as acetic acid. 
Physical properties and microbial characteristics of the granular sludge
Observation of the PVA-gel beads Figure 3 shows the images of the PVA-gel beads.
The color of PVA-gel bead surfaces changed from the initial white to black after 73 days of operation. Biomass attachment to the PVA-gel beads was up to 0.568 g VSS/g
PVA-gel bead after 73 days, indicating that the PVA-gel beads performed well for adsorption of microorganisms.
The microorganism characteristics of the granular sludge 
Settling properties of the granular sludge
With a stable operation under high OLR, good settling properties can help to maintain a high level of microorganism biomass. Table 3 shows the settling properties of the granular sludge with different particle size. Table 3 shows that the settling velocity of the UASB- and 100 m/h, so the settling velocity of the PVA granular sludge was higher than for the traditional anaerobic granular sludge. Therefore, not only can the UASB-PVA reactor stably run with high OLR and short HRT, but it has more efficient settling. Table 3 shows that, the settling velocities of the small particles of the UASB and UASB-GAC reactors were slow, but the settling velocities of the medium and large particles were fast. Therefore, the settling velocity of large particle size sludge and the small size sludge were measured individually. The settling velocity of the inoculation sludge (>2 mm) was 75.54 m/h, UASB sludge (>2 mm) decreased to 70.81 m/h without GAC, and the UASB-GAC sludge (>2 mm) settling velocity increased to 84.46 m/h due to the added GAC. The settling velocity of UASB-GAC (0.9-2 mm) increased slightly after 73 days. The method of adding GAC was not only beneficial for the granulation of sludge, but it was also beneficial for raising the settling velocity. Adding GAC to the sludge slowed the movement of the sludge out of the reactor, allowing the microbial biomass to be more effectively maintained in the reactor.
Particle size distribution of the granular sludge
The particle size distribution in the granular sludge in reactors can intuitively reflect the impact on granular sludge by the reaction system's conditions, so it is an important indicator for the efficiency of the running process. The particle size distribution of sludge at the end of the experiment was determined by the wet sieving method, and Table 4 shows the results. Table 4 shows that the UASB-PVA reactor had no significant change in the particle size, which ranged from UASB and UASB-GAC changes at the end of the experiment, the large particles (>0.9 mm) did not change significantly, the proportion of medium particles (0.3-0.9 mm) declined, and the proportion of small particles (<0.3 mm) increased. This suggests that pharmaceutical wastewater has a destructive effect on medium sized granular sludge particles, but the larger granular sludge particles were hardly affected. The UASB-GAC particle size distribution is closer to that of the inoculation sludge than that of the UASB, suggesting that adding GAC can enhance the stability of granular sludge.
Microbial community structure analysis
Microbial diversity studies of sludge can help us further analyze the mechanism of degradation of pollutants. Table 5 shows the biological diversity of the different sludges. and total number of species for the UASB-PVA reactor were higher than for the UASB and UASB-GAC reactors.
The species diversities and the UASB and UASB-GAC reactors were lower than for the inoculation sludge. There was some toxic matter in the wastewater that may reduce or eliminate microbial activity.
Analysis of microbial community structure
The ribosomal database project classifier was used to classify species for the highest abundance sequences of each OUT. The proportion of corresponding species was analyzed at genus level, and species with a proportion of less than 1% were represented within the category of 'other'.
The species abundance is shown in Figure 5 . Figure 5 shows that the proportions of Levilinea in the inoculated sludge, UASB-PVA, UASB, and UASB-GAC were 11.03%, 17.84%, 10.11%, and 21.97%, respectively.
There were higher values for the UASB-PVA and UASB-GAC reactors, but a slight decrease in the UASB reactor.
The proportions of Longilinea in the inoculation sludge, UASB-PVA, UASB, and UASB-GAC accounted for 3.22%, 3.98%, 2.32%, and 2.43%, respectively. Levilinea and Longilinea belong to the class Anaerolinea of the Chloroflexi phylum. They are able to metabolize a variety of carbohydrates, and they are common microorganisms in anaerobic sludge (Yamada et al. ) . Wang et al. () treated dye wastewater with a UASB reactor, and they found that Levilinea and Longilinea were the dominant Figure 5 shows that Levilinea and Longilinea are capable of resisting toxic substances in industrial wastewater and can degrade macromolecular organic matter.
There was no Acetobacterium in the inoculation sludge.
However, the proportions of Acetobacterium in UASB-PVA, UASB, and UASB-GAC sludges were 2.02%, 15.94%, and 11.12%, respectively. Acetobacterium is an anaerobic functional bacteria that can oxidize sugars, sugar alcohols and alcohols, producing sugar alcohols, ketones, and organic acids (Matsushita et al. ) . The proportions of Syntrophorhabdus in the inoculation, UASB-PVA, UASB, and UASB-GAC sludges were 3.21%, 1.26% 3.12%, and 5.86%, respectively. Syntrophorhabdus can promote the transformation between hydrogen and acetate (Hadi et al. ) . The proportions of Desulfovibrio in the inoculation, UASB-PVA, UASB, and UASB-GAC sludges were 1.1%, 4.07%, 6.58%, and 8.03%, respectively. There was an increase in The abundance and the diversity of the microbial community in the UASB-PVA sludge were higher than for the UASB and UASB-GAC granular sludges.
CONCLUSIONS
Considering various factors, such as removal efficiency, the running stability, and the speed of domestication, the performance of the three UASB reactors were ranked from high to low in the following order: UASB-PVA > UASB-GAC > UASB. UASB-PVA can be stably operated under higher OLR, indicating that adding PVA-gel beads to UASB can provide a viable way for upgrading the UASB process without major new construction, and adding PVAgel beads in UASB can enhance the performance of the treatment. Adding GAC to UASB is not only beneficial for the granulation of sludge, but it also increases the settling velocity, minimizing sludge loss with higher OLR.
The main dominant bacteria of the UASB-PVA, UASB, and UASB-GAC granular sludges are Levilinea, Syntrophorhabdus, Desulfovibrio and Acetobacterium. Compared to the inoculation sludge, the diversity of the microbial community of UASB-PVA, UASB, and UASB-GAC sludges showed obvious changes. Some bacteria disappeared due to the toxicity of pharmaceutical wastewater, and some new bacteria that were better adapted to the pharmaceutical wastewater appeared. The abundance and diversity of the microbial community of the UASB-PVA were higher than for the UASB and UASB-GAC granular sludges.
